Introduction
============

Mesenchymal stem/stromal cells (MSCs) are multipotent cells capable of differentiating into multiple lineages of the mesenchyme. They can be isolated from a variety of tissues including the bone marrow, adipose tissue, the placenta and cord blood [@B1]. MSCs express markers such as CD73, CD90 and CD105 and are negative for haematopoietic and endothelial markers (CD14, CD11b, CD19, CD79α, CD34, CD45, HLA-DR) [@B2]. The discovery that MSCs are immunoregulatory and have regenerative properties has attracted significant clinical interest with MSCs being used for cell therapy since the early 2000s. Although there are currently over 600 ongoing registered clinical trials using MSCs ([www.clinicaltrials.gov](http://www.clinicaltrials.gov)), the molecular mechanism underlying the beneficial effects of MSC in tissue injury and inflammation remains poorly understood. A growing body of evidence suggests that therapeutic efficacy of MSC therapy is not dependent on the engraftment of MSCs at the site of injury or the differentiation capability of the transplanted MSCs [@B3]-[@B8], but relies on their paracrine signaling. Recent studies have demonstrated that MSC-derived extracellular vesicles (MSC-EVs) exert beneficial effects in different disease models including myocardial ischemia/reperfusion injury, skin wound healing, kidney injury, graft versus host disease, stroke and sepsis [@B9]-[@B12].

Extracellular vesicles (EVs) are secreted membranous structures, covering various subtypes such as exosomes, microvesicles or apoptotic bodies (**Figure [1](#F1){ref-type="fig"}**). Exosomes are the smallest secreted vesicles (40-140nm). They are formed by the invagination of the membrane of the multivesicular bodies (MVBs) from the cellular endo-lysosomal system[@B13]-[@B15]. Upon fusion between MVBs and the plasma membrane, exosomes are released into the extracellular environment. Another subpopulation of EVs are microvesicles (MVs; 50-1000 nm), which bud directly off the plasma membrane [@B13],[@B15],[@B16]. When cells are undergoing apoptosis, they release larger MVs in the form of apoptotic bodies (1-5 µm). EVs are very heterogeneous in size and content, and due to a lack of reliable tools and specific markers to distinguish EV subtypes, good classification of exosomes and MVs is an ongoing challenge [@B17],[@B18]. Similarly to EVs from other cell types, MSC-EVs can be the best characterized according to guidelines of the Minimal Information for Studies of EVs (MISEV 2018 [@B17],[@B19]).

EVs exert many of their functions acting as an intercellular shuttle, transporting cargo such as protein, RNA, lipids and carbohydrates between cells. The specific cargo composition of EVs is largely defined by the tissue/cell type they originate from [@B20],[@B21]. The reports on beneficial effects of MSC-EVs in inflammation and tissue repair have triggered a significant interest into the application of MSC-EVs as a cell-free therapy. MSC-EVs-based therapy has several advantages over cellular therapies. EVs as a therapeutic option should not be as susceptible as MSCs to undesirable changes resulting from injection into the inflammatory environment of injured tissue. Injection of EVs also carries a lower safety risk, as they cannot self- replicate. In contrast to cells, EVs can also be relatively easily and safely genetically manipulated to carry desired therapeutic cargo. Their manufacture and storage is less demanding and likewise less costly than current cellular therapies. Finally, due to their small size compared to MSC, the delivery of EVs by intravenous (IV) injection presents lower risk of vascular obstructions. However, there are still many important questions that remain to be answered, before MSC-EVs can become a fully realized cell free therapy. Here we highlight only few of them:What is a relative contribution of MSC-EVs to the therapeutic effect of MSCs?How efficient are MSC-EVs when compare to MSCs?Is it necessary for MSC-EVs to be targeted to the injured tissues?Which MSC-EVs populations are most therapeutically potent?What is a molecular mechanism underlying the therapeutic effect of MSC-EVs?

The purpose of this review is to summarize the current state of art of MSC-EVs characterization and therapeutic use and to give an overview of existing evidence, which could help to answer the highlighted questions.

Isolation, characterization and quantification of MSC-EVs
=========================================================

The application of MSC-EVs as a therapy has generated demand for EV isolation and quantification procedures suitable for a clinical setting. In recent years, a plethora of different techniques have been developed to isolate, characterize and quantify EVs. However, effective isolation, characterization and quantification of these membrane structures remains a challenging task due to their small size and physiochemical heterogeneity. In the following section we summarize different EV isolation and quantification techniques currently used in the field and discuss their suitability for future clinical use **(Figure [2](#F2){ref-type="fig"})**. For more detailed information about each of the techniques, we refer the reader to recent reviews on this topic [@B22]-[@B27].

Isolation of EVs
----------------

Typical isolation methods to separate EVs from the rest of the cellular compartment are based on EV properties such as density, size and surface components. Isolation protocols with less steps result in higher EV yield compared to more labor-intense ones, however they deliver EVs of lower purity. [@B28]. The International Society for Extracellular Vesicles recommends combining different isolation approaches to ensure the highest EV yield and purity.

### Differential ultrahigh-speed centrifugation

Differential ultracentrifugation is the most common method utilized for smaller EV isolation. This was also the most generally used method in the pre-clinical studies testing the therapeutic potential of MSC-EVs in tissue repair *in vivo* (see **Table [1](#T1){ref-type="table"}**). This technique uses series of differential centrifugation steps to remove cells and large cellular debris and precipitates EVs at high speed. Larger particles remain in the supernatant whereas smaller EVs are pelleted [@B29]. The isolation of EVs with this method results in medium yield and purity of EVs. The primary disadvantages of this method are that it is a time-consuming process that requires the use of expensive equipment, currently making it unsuitable for the clinical setting. Furthermore, the isolated EV population can be contaminated with proteins, and the integrity of the EVs may be compromised due to the high centrifugation speed.

### Density gradient centrifugation

An alternative method to separate the smaller EVs is the density gradient centrifugation, which is based on different floating densities. Sucrose or iodixanol solutions with different densities are preloaded into a centrifuge tube with the sample, which is followed by ultracentrifugation. The EVs float based on their different flotation densities allowing a better separation of EVs from impurities [@B30]-[@B32]. As a result, this method delivers EVs with relatively high purity. Similar to differential ultrahigh-speed centrifugation, this method requires expensive equipment and is time consuming. Due to the different centrifugation steps there is high risk of vesicle loss and damage. In addition, sucrose and iodixanol solutions may negatively influence the functionality of isolated EVs, which in case of MSC-EVs can reduce their therapeutic activity.

### Size exclusion chromatography

Size-exclusion liquid chromatography (SEC) can separate EVs from proteins based on their size. SEC uses a porous matrix packed into a column that allows the sample to pass through a porous stationary phase of polymers. Smaller sized particles such as proteins will elute later because they are slowed down by entering the pores of the polymer. EVs, which are larger in size than proteins, will elute earlier because they travel more quickly through the column [@B33]. This method was shown to isolate EVs with minimal damage and to preserve their biophysical and bioactive properties [@B34]. Isolation of MSC-EVs by SEC, for example, preserved their inhibitory function on T cell proliferation, which was not the case for MSC-EVs isolated using differential ultracentrifugation steps. This shows that SEC is suitable for efficient separation of relatively pure and functional populations of EVs [@B35]. Additionally, a big advantage of this method is that it is relatively easy to scale up, which is especially important for the future clinical application of MSC-EVs. Drawbacks of this isolation procedure include labor intensity and a high chance of sample contamination with protein aggregates and lipoproteins [@B36].

### Ultrafiltration

Ultrafiltration is a method used to isolate EVs based on their size. It employs membrane filters with different pore sizes allowing smaller particles to penetrate and pass through the membrane while larger particles are excluded. Different membranes are sequentially used to first remove cells and debris. Several studies have demonstrated therapeutic activity of MSC-EVs isolated using ultrafiltration [@B37],[@B38]. A recent report, which compared the use of ultrafiltration with ultracentrifugation to purify MSC-EVs, demonstrated that the ultrafiltration procedure enriches for larger EVs compared to using ultracentrifugation [@B39]. In addition, ultrafiltration was more efficient in removing the smaller sized proteins from the EV suspension, while with ultracentrifugation; these proteins were pelleted with the EVs. Another report compared ultrafiltration, ultracentrifugation, and precipitation methods, and evaluated the purity and yield of isolated EVs using NTA [@B40]. Isolation of EVs by ultrafiltration resulted in a 50-fold increase in yield compared to ultracentrifugation and in a 20-fold increase compared to precipitation methods. Therefore, especially for future therapeutic use of MSC-EVs, ultrafiltration is a time and cost-effective alternative to the gold-standard ultracentrifugation method. One of the disadvantages of ultrafiltration is that the membrane pores can be easily blocked leading to low EV yield. Furthermore, a force is applied to pass the sample through the membrane, which might lead to vesicle damage. More recently, tangential flow filtration (TFF) was developed, which is a form of ultrafiltration applied in a cross-flow (tangential) mode, to separate EVs from proteins [@B41]. It allows the fluid to flow tangentially across the membrane surface, instead of vertically in the conventional dead-end filtration, therefore avoiding clogging the membrane pores. Thus, TFF might serve as a better alternative to the conventional ultrafiltration in the clinical use of MSC-EVs.

Ultrafiltration is often combined with SEC (referred as UF-LC) to further improve EV separation. The limited volume (from 0.5 µl up to 2 ml) for SEC that can be loaded on the column, can be resolved by using ultrafiltration prior to SEC. The UF-LC allows isolation of EVs with high purity and was shown to be relatively simple and can be automated. Compared to UC isolation method, the UF-LC was shown to deliver higher EV yields as evaluated by NTA and more intact and pure vesicles [@B42].

### Polyethylene glycol

Polyethylene glycol (PEG) is a method to isolate EVs by precipitation. PEG, which is water-excluding precipitant, is added to the sample followed by an incubation step and centrifugation to concentrate the particles. There are commercially available kits using PEG to isolate EVs such as ExoQuick or Total Exosome Isolation Kit. PEG-based approaches allow the isolation of EVs from cell culture conditioned medium with high EV yield and recovery [@B43]. A recent study demonstrated that PEG -based EV purification may also better preserve the association of proteins bound to the EV surface when compared to ultracentrifugation method, which is important for downstream analysis of EV functionality. MSC-EVs carrying Wnt3a protein on their surface isolated using PEG-based approach stimulated dermal fibroblasts migration and proliferation and endothelial angiogenesis in a Wnt3a-dependent manner more efficiently then MSC-EVs isolated by differential centrifugation [@B44]. Overall PEG-based methods are user friendly and cheap, however, it is important to consider that the precipitated sample is low in purity because of contaminants, which co-precipitate with EVs such as protein aggregates. This might have an impact on the EV functionality and therapeutic efficacy.

### Immuno/affinity capture

Immuno/affinity capture-based methods separate EVs based on their surface protein expression. A priori knowledge of markers expressed on EVs is therefore needed for their isolation. Members of the tetraspanin family (CD9, CD63 and CD81), which are expressed on the membranes of EVs are used for the enrichment. This is often followed by the use of antibody-coated magnetic beads to isolate the EVs with high purity [@B45]. Although this method was shown to be suitable to specifically capture EVs with great recovery, the binding is not easily reversible making it challenging for *in vivo* studies. Another limitation of this approach is that it cannot be used to isolate EVs from samples with large volume. For this, samples need to be pre-concentrated using ultracentrifugation steps. In addition, with the immuno/affinity capture only a subset of EVs can be isolated, which may only be an advantage for clinical application of EVs, if the subset of EVs with therapeutic properties is well defined. However, the identification of a subset of MSC-EVs with the best therapeutic potential is still an ongoing challenge.

Characterization and quantification of EVs
------------------------------------------

Several characterization and quantification methods have been developed to analyze EVs (**Figure [2](#F2){ref-type="fig"}**), however no single approach allows accurate analysis of EVs. Therefore, multiple techniques are usually utilized to evaluate EV properties. Below we briefly describe these techniques and discuss their suitability in the (pre)clinical setting.

### Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) is a method used to determine the size distribution and concentration of the EVs (particles per mL). This technique is based on a laser light microscopy to measure the light, which is scattered by the individual particles. The motion of the particle relates the rate of Brownian motion to particle size which is tracked by a camera [@B46]. Although NTA is widely used to quantify EVs, this method is very sensitive to any non-EV particle contamination. This might be problematic for quantification of samples of lower purity. In addition, one has to take into account that particles larger than 100 nm tend to be overestimated because these particles can scatter multiple points of light and can therefore be measured as multiple events. These two disadvantages of the method greatly influence the accuracy of EV quantification, which is crucial in future clinical use of EVs. In the studies using EV preparations containing larger sized EVs, the information only on particle concentration with no cell equivalent given is not sufficient and might lead to lack of reproducibility[@B47]-[@B50]. The mentioned drawback of NTA might have accounted for the apparent differences in the amount of MSC-EVs administered in the pre-clinical studies described in this review. As shown in **Table [1](#T1){ref-type="table"},** the amount of EVs injected intravenously, in different mouse models of tissue injury, varied from 1.6 x 10^7^ to 2.4 x 10^11^ particles, which is a 15000 fold difference.

Fluorescence NTA is a recent development in NTA, which allows tracking only fluorescently labelled EVs and distinguishing EVs from the rest of the particles/proteins. However, this requires an extra labeling step, which might not be so convenient in the clinical setting. Additionally, labeling restricts the EV detection to specific EV subsets positive for the markers used.

### Dynamic light scattering

Dynamic light scattering (DLS) is another method to quantify EVs in suspension. Similar to NTA, DLS measures the movement of particles undergoing Brownian motion in suspension. A scattered light from the particles is interfered and the dynamic information is traced and converted using Strokes-Einstein equation [@B51]. With this, the concentration and hydrodynamic diameter can be calculated. DLS can detect small particles (\>5 nm) and is best suited for measuring monodisperse particles. Although DLS is simple and fast to use, it detects all scattering particles, and as a consequence, the presence of a few larger particles can mask the smaller ones. Therefore, DLS has limited utility for complex samples including these of lower purity.

### Electron microscopy

Scanning or transmission electron microscopy, SEM or TEM respectively, are the most commonly used techniques to characterize the microstructure of MSC- EVs. In SEM, the topography of the EV surface is scanned while in TEM, which is more often used, a 2D image of the EV is created with inner structural information. An advantage of SEM and TEM-based imaging, is that it can be combined with immunogold labelling. A specific molecule of interest can be stained using antibody-based approaches, and its localization on EVs can be detected [@B52]. One of the challenges for both techniques however is the low throughput capacity due to the lengthy sample preparation and sample loss [@B53]. Furthermore, the sample processing here results in shrinkage of EV size, resulting in underestimation of EV actual size, as also shown for MSC-EVs [@B54]. The quantification of EVs with this method is possible but is very labor intensive and is, therefore not attractive for use in clinics. Next to SEM and TEM, cryo-electron microscopy (cryo-EM) is also used to analyze the structure and size of EVs. The advantage of cryo-EM is that it does not use staining or chemical fixation procedures and samples are directly applied onto an EM grid, vitrified and visualized. This allows for characterization of EVs near their native state. Another advantage of this method is that it does not require large amount of EVs in the preparation to perform accurate analysis of their size and morphology [@B55].

### Protein quantification

A commonly used method to quantify MSC-EVs before use in the *in vivo* studies is determination of the total protein content using biochemical methods such as micro-Bicinchoninic acid or Bradford assay. A drawback here is that protein contaminants co-isolated with EVs can influence the accuracy of the measurement. In the *in vivo* studies testing MSC-EVs in different pre-clinical models, which are evaluated in this review (see **Table [1](#T1){ref-type="table"}**), there is substantial variability in the amount of EVs used as measured by the protein content. When considering only the studies in different mouse models of tissue injury, in which EVs were injected IV the amount of applied EVs varies from 250 ng to 200 µg material. This is an 800-fold difference. When the amounts of administered EVs are compared in the models of autoimmune disorders, the difference in the amount of injected EVs is 750-fold. For the liver injury mouse models this difference is 300-fold (IV injections). Since all the studies summarized in this review reveal a positive effect after MSC-EVs treatment, the findings need to be carefully interpreted.

Relative contribution of MSC-EVs to therapeutic effect of MSCs
==============================================================

The amount of studies demonstrating therapeutic potential of MSC-EVs in different disease models is growing rapidly. However, few test their therapeutic effect in direct comparison to their cellular counterparts, which seems relevant when considering future clinical application of MSC-EVs. The studies that did compare the two in a quantitative manner report different outcomes depending on the disease model in which the MSC-EVs were tested and the type of EVs used. Kim *et al.* demonstrated that EVs were more potent than the MSCs they were isolated from in reducing the inflammation in traumatic brain injury mouse models after single IV injection [@B56]. In contrast, in the collagenase-induced osteoarthritis (OA) model, small EVs (pelleted at 100,000 g by ultracentrifugation) had similar effect as MSCs in protecting mice from osteoarthritic damages, but larger EVs (pelleted at 18,00g) were less potent after single intraarticular administration [@B57]. Also in the acute kidney injury mouse models and in the lung ischemia- reperfusion injury mouse models, small EVs performed equally well as their parental cells in regenerating tissue or preventing tissue damage respectively, after only a single injection [@B58],[@B59]. Ruenn Chai Lai *et al.* further explored the importance of MSC-EVs in tissue repair in myocardial ischemia/reperfusion injury [@B10]. Previously, they showed that the MSC-derived conditioned medium (CM) had cardio protection effect during injury, which was then demonstrated to be mediated by the EVs [@B60]. They concluded that EVs are equally efficient as CM in reducing myocardial ischemia-reperfusion in mice. Thus, the data from the above studies demonstrated that EVs may have major contribution to the paracrine effect of MSCs on tissue regeneration. They also indicate that, at least in the disease models used in these reports, a single injection of EVs has the same therapeutic potential as MSCs themselves. This is promising for the future clinical application of MSC-EVs, as single administration of MSC-EVs limits burden for patients and also lowers the cost of future MSC-EVs based therapy. However, the quantitative comparison of MSC versus MSC-EVs effects presented in the above studies still needs to be taken with caution considering current limitations of the available quantification methods of EVs. Also the amount of EV released by MSCs in these studies was estimated based on the data from two dimensional (*2D*)*in vitro* culture and it is difficult to predict how this compares with amount of EVs that MSCs release *in vivo.*

In recent years several groups have invested in new approaches to culture MSCs in a three-dimensional (3D) manner to better mimic *in vivo* conditions and possibly increase the yield of MSC-EVs produced by these cells, whilst maintaining or even enhancing their therapeutic effect. These 3D systems use a hydrogel containing extracellular matrix (ECM) components. The ECM can also come in a form of a porous scaffold mimicking even better the *in vivo* environment. Qazi *et al*. showed that MSCs grown in 3D produced more cytokines and growth factors then cells propagated in 2D cultures [@B61]). Ni Su *et al*. compared different structural patterns of the ECM (oriented fibers vs not oriented) and showed that in ECM with oriented fibers, MSCs increased the production of anti-inflammatory and pro-angiogenic factors [@B62]. This clearly indicates that culture conditions influence the composition of MSC secretome quantitatively and qualitatively, which should be taken in consideration when choosing the MSC expansion methods for future production of MSC-EVs for clinical use. Recent developments in large-scale MSC expansion for MSC-EVs production include bioreactors such as spinning flask or hollow-fibre [@B63].

The mechanism of action behind the therapeutic effect of MSC-EVs
================================================================

Despite the increasing interest in the mechanism of action of MSC-EVs, this field is still in its infancy in identifying the molecules responsible for their therapeutic effect. In the Figure [3](#F3){ref-type="fig"} we have summarized current understanding of factors involved in the beneficial effects of MSC-EVs. The major processes important for tissue repair and thought to be regulated by MSC-EVs are apoptosis, cell proliferation, angiogenesis and inflammation.

Bioactive molecules in MSC-EVs identified by omics approaches
-------------------------------------------------------------

Efforts have been made, especially in omics approaches, to identify the relevant bioactive molecules playing a role in the MSC-EVs-mediated tissue repair. A number of RNA-sequencing studies showed that MSC-EVs were selectively enriched for distinct classes of RNAs [@B64]-[@B66]. Eirin *et al*. reported that MSC-EVs preferentially express mRNA for transcription factors and genes involved in angiogenesis and adipogenesis [@B66]. In addition, they demonstrated using gene ontology analysis that miRNAs enriched in MSC-EVs such as miR148a, miR532-5p, miR378, and let-7f target transcription factors and genes that participate in several cellular pathways, including angiogenesis, cellular transport, apoptosis, and proteolysis.

A number of groups compared the proteome of MSC-EVs with the proteome of MSCs using mass spectrometry-based proteomic approaches [@B67]-[@B71]. Proteins identified in MSC-EVs as well as in their parental MSC, are involved in processes including self-renewal, differentiation and cell proliferation. By comparing the proteome of MSC-EVs and MSCs, unique proteins were identified to be enriched in MSC-EVs [@B72]. These proteins were involved in angiogenesis, apoptosis, inflammation and extracellular matrix remodeling, and several of these factors were reported to be specific for MSC-EVs [@B73].

It is important to consider that conditions, under which MSCs were cultured such as hypoxia or ischemic and inflammatory conditioning might affect the MSC-EVs content and properties [@B74]-[@B76]. In addition, EVs derived from different sources of MSCs display different transcriptome and proteome profiles [@B77]. This should be taken into scrutiny when designing the strategy for MSC-EVs production for their future therapeutic use.

MSC-EVs and immunomodulation
----------------------------

MSC-EVs are immunologically active and contain molecules that can modulate the immune cells. In Figure [3](#F3){ref-type="fig"} we depict potential effectors identified within MSC-EVs that show immune-modulatory properties. Among others, MSC-EVs contain chemokines and inflammatory cytokines that can modulate both innate (natural killer cells, dendritic cells and macrophages) and adaptive immune cells (B and T cells) [@B11],[@B78].

A number of research groups used overexpression and knock down experiments to identify the bioactive immunomodulatory molecules responsible for therapeutic effect of MSC-EVs [@B12],[@B79],[@B88]-[@B97],[@B80],[@B98]-[@B105],[@B81]-[@B87]. For example, Eirin *et al*. showed that MSC-EVs containing IL-10 improved renal structure and function, decreased renal inflammation and increased the number of reparative macrophages in renal artery stenosis (RAS) in pigs [@B79]. These effects were abolished when EVs from MSCs, where IL-10 was knocked down were used for treatment of RAS. Furthermore, MSC-EVs expressing TSG-6 protein, an immunomodulatory molecule induced in pathological conditions in response to increased inflammation, were able to decrease lung inflammation and cell death in bronchopulmonary dysplasia mice. This therapeutic effect was abrogated when MSC-EVs lacking TSG-6 expression were used [@B107]. Another study showed that MSC-EVs containing C-C motif chemokine receptor-2 (CCR2) were able to inhibit the activation of macrophages and monocytes and protect against renal/ischemia injury in mouse [@B108]. Several reports have also demonstrated the immunomodulatory role of specific miRNAs highly expressed in MSC-EVs. For example, MSC-EVs carrying miRNAs such as miR-21-5p, miR-142-3p, miR-223-3p and miR-126-3p regulated dendritic cell maturation and promoted their anti-inflammatory potential [@B109]. Furthermore, MSC-EVs containing miR-223-3p were able to reduce pro-inflammatory cytokine production in macrophages, systemic inflammatory response, cardiac dysfunction and increase survival in polymicrobial sepsis murine model [@B110]. MSC-EVs from miR-223-3p knockout mice failed to show these beneficial therapeutic effects. On the other hand, MSC-EVs overexpressing miR-223 were shown to protect from liver injury in autoimmune hepatitis models and downregulate many inflammatory genes and cytokines [@B100]. MSC-EVs carrying miRNAs such as miR-21a-5p, miR-146a, miR-199a, and miR-223 regulated several inflammatory genes (IL-6, NLRP3) and induced macrophage polarization towards an anti-inflammatory M2 phenotype. Silencing expression of these miRNAs in MSC-EVs resulted in the reduction of their therapeutic effect [@B111].

In summary, the important component of the mechanism used by MSC-EVs to promote tissue repair is the regulation of the immune system.

MSC-EVs in regulation of angiogenesis, cell proliferation and survival
----------------------------------------------------------------------

MSC-EVs contain growth factors (GDNF, VEGF, FGF etc) and angiogenic factors (HGF, Ang1, HES1, S1P etc), which are known to promote tissue repair and regeneration [@B112],[@B113]. Shuling Hu *et al*. showed that MSC-EVs containing angiopoietin-1 (Ang1), an angiogenesis regulator, restore protein permeability across injured human lung microvascular endothelial cells, while MSC-EVs lacking Ang1 eliminated the therapeutic effect [@B81]. Kai Kang *et al*. demonstrated that EVs derived from MSCs overexpressing CXCR4 restore cardiac function by increasing angiogenesis, reducing infarct size and improving cardiac remodeling [@B87]. This effect was mediated by upregulation of IGF-1α and pAkt levels and downregulation of caspase 3 levels. In addition, they showed that these effects were abolished by CXCR4 knockdown. Overexpression of certain miRNAs in MSCs can also contribute to enhanced therapeutic effects (Figure [3](#F3){ref-type="fig"}). For example, EVs derived from MSCs overexpressing miR-21 had protective effects in spinal cord injury by targeting several genes involved in the inhibition of cell apoptosis [@B88]. On the other hand, EVs derived from MSCs overexpressing miR-140-5p were able to promote proliferation and migration of articular chondrocytes and prevented OA development in rat model by enhancing SOX9 expression and extracellular matrix (ECM) generation [@B92].

Engineered MSC-EVs
------------------

MSC-EVs can also be engineered to carry a desired molecule with a therapeutic potential and facilitate the delivery of such a factor to an injured tissue. Several studies have shown therapeutic effects of such engineered MSC-EVs (Figure [3](#F3){ref-type="fig"}, factors indicated in violet) [@B89],[@B92],[@B95]-[@B97],[@B102],[@B114]. For example MSC-EVs engineered to overexpress GATA4, a factor important for regulation of angiogenesis and cell survival, promoted cardiomyocytes survival, reduced their apoptosis and restore cardiac contractile functions in neonatal rat hypoxia model [@B89]. Another example is a study by Jiang et al, which demonstrated that MSC-EVs engineered to overexpress miR-30d-5p, known to regulate autophagy and apoptosis in brain development, prevent brain injury [@B114]. This was mediated by inhibiting autophagy-mediated inflammatory response and promoting microglial polarization.

Taken together, significant effort still needs to be invested in better understanding of the molecular mechanism underlying the therapeutic effects of MSC-EVs. The knowledge gained from these studies will be crucial in designing the most effective MSC-EV-based therapies.

Localization of injected MSC-EVs in tissues
===========================================

To understand the mechanism of action behind the therapeutic effect of MSC- EVs, it is important to follow their fate after *in vivo* administration. EVs can be tracked *in vivo* by labeling them directly after isolation or indirectly by transfecting the EVs-secreting cells with vectors containing imaging reporter genes (**Table [2](#T2){ref-type="table"}**). In direct labeling, lipophilic tracer dyes (DiR, DiD, PKH), nanoparticles (radioisotopes such as ^99m^Tc- HMPAO, ^111^In-oxine) or membrane permeable chemical compounds (carboxyfluorescein diacetate succinimidyl ester (CFDA-SE), calcein acetomethoxyester (calcein-AM)) have been used to label the EVs after isolation. The direct labeling protocol is relatively simple and inexpensive. Labeling methods using nuclear imaging and magnetic resonance (^111^ In-oxine, ^99mTc^-HMPAO, USPIO) are stable and highly quantitative but require large amount of EVs. In the methods using CFDA-SE and calcein-AM the non-fluorescent dyes enter EVs and once esterase enzymes cleave the acetate group of the dyes, a fluorescent membrane impermeable ester, carboxyfluorescein succinimidyl ester (CFSE) or calcein are produced respectively [@B115]-[@B117]. The advantage of this labeling approach over the lipophilic dyes is, that it can be used to discriminate between intact EVs and cell debris.

The indirect labeling strategy uses genetically modified cells, which secrete EVs containing a reporter protein. This reporter protein is inherited upon cell division and can be used for long term isolation of EVs. Fluorescent proteins (GFP, RFP or dTomato) or luciferase enzyme-substrates (Gluc, GlucB or Rluc) generate light that can be detected. This strategy is highly sensitive and the expression of the reporter gene is stable. Another approach is based on the Cre-loxP system, which allows Cre-reporter cells that take up EVs released from cells that express Cre recombinase to be marked [@B118]-[@B122]. EVs containing Cre mRNA can induce recombination in recipient cells carrying a fluorescent or enzymatic reporter gene. The main disadvantage of methods based on genetic modifications is that they are usually time consuming.

Only few studies testing the therapeutic efficacy of MSC-EVs have addressed the fate of MSC-EVs after their *in vivo* administration. In these reports mainly lipophilic dyes, with the affinity to cellular membranes such as PKH26, PKH67, CM-DiI, DiD or DiR have been used to label MSC-EVs (**Table [1](#T1){ref-type="table"}**). The intravenously injected labeled MSC-EVs were detected in the injured organs already 1h after application, and remained in the injured tissue up to 7 days after administration [@B58],[@B123]-[@B125]. In the model of kidney inflammation in pigs, Eirin *et al*. found fluorescent signal of PKH26 labeled MSC-EVs even 4 weeks after administration [@B79]. They demonstrated that only a fraction of fluorescent particles co-localized with CD9 exosomal marker, and none with CD63 marker, thus the authors interpreted this remaining fluorescent signal as MSC-EV fragments rather than intact vesicles. Only few reports used tissue/cell specific markers to more accurately define localization of the injected MSC-EVs. The MSC-EVs were found in tissue resident macrophages, but were also directly taken up by the cells from injured tissues [@B79],[@B126],[@B127]. Lankford *et al*. were able to identify tissue resident macrophages targeted by MSC-EVs in a spine injury rat model, as anti- inflammatory M2 type [@B124]. Interestingly, most of the studies in which the fate of MSC-EVs was followed found them localized preferentially to the site of injury, in contrast to the control animals where little signal of labeled MSC-EVs was detected in the tissue of interest [@B58],[@B123],[@B124],[@B128],[@B129]. This specific MSC-EVs targeting was observed regardless of the type of the injury and organ studied. However, most of the studies also reported no injury related accumulation of MSC-EVs in organs such as liver, spleen and lungs, especially after IV or intraperitoneal (IP) injections [@B79],[@B129],[@B130]. In other tissues the method of MSC-EVs administration did not significantly influence their destination. Importantly, in the two studies where they compared MSC-EVs efficacy after different ways of systemic delivery in liver injury mouse models, there was no significant difference in the beneficial effect of MSC-EVs on tissue recovery [@B128],[@B130]. This data is promising in the context of future clinical applications of MSC-EVs, as this would mean that the way of MSC-EVs delivery can be adjusted to lower the burden for the patient without affecting the efficacy and potency of the treatment [@B47],[@B130]. However, to be able to extrapolate this conclusion to conditions other than liver injury, similar research needs to be performed in animal models of different types of tissue injury. The targeting of MSC-EVs to specific organs seems to be dependent on the proteins present on their membranes. Bruno *et al*. demonstrated that treatment of MSC-EVs with trypsin abrogates their localization to the injured kidney and also to any other examined organs [@B58]. In addition, the levels of trypsin-treated MSC-EVs remained constant in plasma, while the plasma levels of non-treated MSC-EVs markedly decreased in mice with acute kidney injury. The remaining question is whether this specific targeting of MSC-EVs to injured tissue is a unique feature of MSC-EVs alone, or are EVs derived from other cell types also capable of it. The evidence from *in vitro* studies in cells from neuronal system suggests that MSC-EVs are not an exception and that there exists a specificity in EVs targeting. Fitzner *et al*. showed that EVs derived from oligodendroglia are preferentially taken up by microglia and not by astrocytes, neurons or oligodendrocytes [@B131]. However, to our knowledge no study addressed this matter *in vivo* in tissue repair. There are reports using EVs derived from fibroblasts to control for specificity of MSC-EVs effect in injured tissue [@B58],[@B126],[@B127],[@B129],[@B130],[@B132]-[@B134]. These studies show that fibroblasts do not have any beneficial effect on tissue regeneration, suggesting that indeed MSC-EVs are unique in the positive regulation of tissue repair. However, the distribution of fibroblast-derived EVs in different organs *in vivo* was not investigated in these reports.

As previously mentioned, the majority of studies have relied on lipophilic dyes to trace EV fate *in vivo*, however it is important to note their limitations, which may have an impact on the EV biology. Whilst these dyes can influence the normal performance of EVs, there is also a certain degree of aspecificity in the labeling as they can also associate with aggregates of lipoproteins or other lipid rich structures. In addition, their relatively short half-life is also restricting long term follow up. On the other hand, the dyes with longer half-life (PKH26) may remain in the *in vivo* system longer than the EVs themselves because they can be released from the EVs, which as a consequence will generate an aspecific signal. The latest advancements in the development of techniques that allow for the fate of EVs to be followed *in vivo,* such as those based on the use of Cre reporters or those using the new generation of dyes to label EVs, should help to elucidate the molecular mechanism by which MSC-EVs affect tissue repair [@B119],[@B135]. This may allow the design of MSC-EVs that can be more efficiently delivered to the tissue of interest.

The considerable effort has been already invested in engineering EVs to improve their targeting and enhance their use as drug delivery vehicles. The gene that encodes the targeting protein can be inserted into the donor cell that in turn secretes EVs containing the protein. In the report by Alvarez *et al.* the authors engineered dendritic cells to express Lamp2b, an EV membrane protein, fused to the neuron-specific RVG peptide and EVs produced by this cells carried this protein and had preferential binding to neurons. This way EVs after being loaded with siRNA of interest could effectively deliver it to the brain [@B136]. Another study by Kooijman *et al.* used a method, in which the donor cells were designed to express a modified glycolipid that was fused with nanobodies to target specific cells. They were able to show that EVs carrying the anti-epidermal growth factor receptor (EGFR) nanobodies were specifically binding to EGFR-expressing tumor cells [@B137]. These examples demonstrate that using similar strategies for MSC-EVs may significantly improve their therapeutics effects in tissue repair.

Potency of different MSC-EV populations
=======================================

The EVs secreted by different cell types are very heterogeneous. This is also the case for EVs released by MSCs [@B138],[@B139]. It would be very beneficial for a future clinical application of MSC-EVs if the subpopulation of MSC-EVs with the best therapeutic potential could be specifically identified. To our knowledge, only a handful of studies have attempted to address this through comparing the therapeutic effect of small EVs (pelleted at 100,000 g by ultracentrifugation), with larger EVs (pelleted at 18,000 g) [@B57],[@B140],[@B141]. In the delayed-T hypersensitivity mouse model, small EVs were more efficient than larger EVs in reducing inflammation and they were also more potent in preventing mice from developing collagen-induced arthritis [@B57],[@B140]. Likewise, small EVs outperformed larger EVs in promoting kidney injury repair [@B142]. In contrast, there was no difference in efficacy of small versus larger EVs in protecting mice from osteoarthritic damage in the collagenase-induced OA model. However, it should be noted that twice the number of larger EVs were used compared to smaller EVs, as measured by protein content [@B57]. What accounts for the differences in the potency of different MSC-EV subsets still needs to be determined. One possibility is differences in membrane proteins decorating the distinct EV populations, which could translate to differential efficiency in targeting of the injured/diseased tissue. Another option could be the type of cargo carried by different EV subsets, which would make them immunomodulatory or have more regenerative potential. Indeed, Bruno *et al*. demonstrated that small EVs and larger EVs with different regenerative potency also have distinct molecular signatures regarding their miRNA, mRNA and protein content [@B141]. The studies mentioned above illustrate distinct therapeutic potential of EV populations after relatively rough division to two subgroups. However, considering the span of sizes of vesicles falling into each category, these two groups do not represent fully homogeneous populations either [@B57],[@B140],[@B141]. It is likely that there is also a difference in therapeutic efficacy of EVs subsets within each group.

Impact of source and activation status of MSCs on therapeutic activity of MSC-EVs
=================================================================================

An important question to address while considering the clinical application of MSC-EVs is the source of MSCs used for EV isolation. So far there has been a great diversity in the origin of MSCs used for isolation of EVs tested in pre-clinical animal models of different conditions. These included MSCs derived from umbilical cord, bone marrow, adipose tissue, synovium, Wharton jelly, menstrual blood, kidney, bowman\'s capsule and MSCs generated from embryonic and induced pluripotent stem cells (**Table [1](#T1){ref-type="table"}**; [@B50],[@B92],[@B150]-[@B152],[@B140],[@B143]-[@B149]). The majority of MSC-EVs isolated from MSC derived from all these different tissues had positive effects on tissue repair regardless of the type of injury. Only one study has reported no effects of EVs derived from MSCs generated from embryonic stem cells in chronic kidney disease model in rat [@B153]. However, due to large differences in EV doses applied, isolation procedures or even the *in vivo* tissue injury models used, it is difficult to conclude from current studies whether a specific tissue source of MSCs is more favorable for the EV isolation with higher therapeutic potential. To our knowledge only two studies have compared the therapeutic efficacy of MSC-EVs derived from different tissue origin in the same *in vivo* experiment. Willis *et al*. have compared EVs isolated from bone marrow and Wharton jelly derived MSCs in a hyperoxia-induced Bronchopulmonary Dysplasia mouse model and reported equal efficacy of EVs isolated from both MSC types [@B134]. In contrast, a study comparing EVs isolated from induced pluripotent stem cells-derived MSCs (iPSC-MSCs) and synovial membrane-derived MSCs demonstrated the superior therapeutic effect of EVs from iPSC-MSCs in OA mouse model [@B38].

Another relevant question is whether MSCs used for EV production need to be primed to increase therapeutic efficacy of generated vesicles. Only a few studies have compared the therapeutic potential of MSC-EVs isolated from MSC cultured under different conditions. Kilpinen *et al*. reported that umbilical cord derived MSCs (UC-MSCs) previously primed with interferon gamma (IFN-γ) possibly modified the intracellular biogenesis pathway of EVs and changed their cargo composition. As a consequence the therapeutic activity of these MSC-EVs was hampered in kidney injury [@B75]. On the other hand, Ruppert *et al.* showed that treatment with EVs from bone marrow-derived MSCs (BM-MSCs) preconditioned with interferon gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α), is at least as beneficial as using EVs from non-preconditioned BM-MSCs in rats with spinal cord injury [@B154]. In specific aspects of the recovery from the injury, such as improvement of sensory function, EVs from cytokine-preconditioned MSCs had an even stronger beneficial effect than EVs from non-preconditioned cells. In a study by Cosenza *et al*. BM-MSCs were pretreated with TGF-β to uniquely study the chondroprotective function of MSC-EVs [@B57]. The EVs from TGF-β -preconditioned MSCs protected mice from joint damage in a collagenase-induced OA model, but they were not compared with EVs from non-treated MSC, which makes it difficult to conclude whether MSCs preconditioning was indeed essential for the therapeutic effect. In a mouse model of cardiotoxin-induced muscle injury Lo Sicco *et al*. compared the anti-inflammatory properties of EVs isolated from adipose tissue derived MSCs (AD-MSCs) cultured under normoxic or hypoxic conditions [@B155]. The authors found that EVs from hypoxic MSCs possess more effective anti- inflammatory properties than \'normoxic\' EVs. In contrast, EVs from AD-MSCs starved for 12 hours under hypoxic conditions were less effective than EVs isolated from AD-MSCs cultured under normal conditions in improving survival and suppressing the inflammatory reaction in rats after induced sepsis syndrome [@B143]. Collectively, preconditioning of MSCs to produce more therapeutically effective EVs may be relevant, but more research is necessary to define what type of MSCs pre-treatment is required and whether it should be tuned to the type of injury targeted by the EV-based therapy.

Choice of pre-clinical model to test the therapeutic effect of MSC-EVs
======================================================================

The role of animal models in EV research in general has been recently covered by Reiner *et al*. in a review discussing development of best-practice models for the therapeutic use of EVs [@B156]. Here, we highlight some aspects of pre-clinical application of MSC-EVs, which are especially relevant in tissue repair.

The choice of a good pre-clinical model to test the therapeutic efficacy of MSC- EVs in tissue regeneration is very important. Although completely mimicking the human condition is not realistic in any of the existing animal models, the pre-clinical testing should be performed in models, which most closely represent the human pathophysiology. It is also important to define in what stage of the disease the therapeutic effect is desired, and design the study accordingly. For example in conditions such as OA, the MSC-EVs could be applied at an earlier stage of the disease to prevent it from further development. On the other hand, it is also relevant to test whether MSC-EVs-based therapy is potent enough to attenuate fully developed OA. Thus, good timing of MSC-EV administration is crucial for testing their efficacy and potency. This might be of special importance in conditions where inflammation is a dominant component of the disease pathology such as autoimmune disorders, sepsis and GvHD. In many current studies testing the therapeutic potential of MSC-EVs, researchers have administered MSC-EVs before the induction of injury or before the full establishment of the disease (**Table [1](#T1){ref-type="table"}**; [@B54],[@B59],[@B80],[@B99],[@B127],[@B132],[@B157]-[@B160]). These studies report promising therapeutic effects of MSC-EVs, however translation of these findings to the clinic might require additional testing of MSC-EVs in more clinically relevant setup.

Concluding remarks
==================

The therapeutic potential of MSC-EVs is quite well documented in a variety of tissue injury models. Results from *in vivo* studies also indicate, that already after a single application, MSC-EVs are as efficient as their parental cells in promoting tissue regeneration. This is very promising for future clinical use of MSC-EVs and suggests that indeed MSC-EVs-based therapy may be a cheaper alternative to MSC-based treatments. However, the available data comparing the efficacy of MSC-EVs and their cellular counterparts need to be taken with a degree of caution considering limitations of the currently available EV quantification techniques. Similarly, more emphasis should be put on testing the optimal therapeutic doses of administered EVs. As highlighted above, current *in vivo* studies vary enormously in the amount of applied EVs. Also, there is still very limited evidence on the long-term effect of MSC-EVs. It is likely that for certain types of tissue injuries it will be unnecessary to administer MSC-EVs multiple times, whilst in other conditions multiple administrations may be required. This will increase the burden for patients and the cost of the therapy. Another important issue to address before the clinical introduction of MSC-EVs is their heterogeneity. Currently available data indicate that there are significant differences in the therapeutic activity of different MSC-EV entities. More research should be done in this direction to identify subpopulations of MSC-EVs with the highest therapeutic potential. Likewise, new strategies and more research (in the field of genomics, proteomic etc.) are needed to sufficiently classify and isolate EV sub-populations in a robust way with high accuracy and selectivity. Similarly, it will be essential to increase reproducibility of large scale preparation of EVs with high purity and defined therapeutic activity. This will also require the establishment of well-defined *in vitro* assays for quality control testing, which will in turn need to be tuned to the needs of the type of the condition treated with EVs. Current pre-clinical studies using labeled MSC-EVs report that the EVs target macrophages and the injured tissue of interest. This suggests that the beneficial effect of MSC-EVs in tissue repair is mediated not only by regulating the immune response around injured tissue, but also by direct interaction with the tissue. A more detailed investigation of this dual MSC-EVs activity can improve their targeting to the relevant tissues and increase their therapeutic efficacy. Importantly, acquiring more insights into the mechanism of action of MSC-EVs will help in defining their legal status and might improve their therapeutic activity, which is crucial for their future clinical application.
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![**Schematic representation of EV biogenesis, secretion and uptake.** Exosomes (40-140 nm) are intraluminal vesicles (ILV) formed by the inward budding of endosomal membrane during maturation of multivesicular body (MVB), which are secreted upon fusion of the MVBs, with the plasma membrane. Microvesicles (50-1000 nm) comprise large and heterogeneous group of vesicles with different membranes depending on their origin and morphology. Apoptotic bodies are shedding vesicles derived from apoptotic cells. After the release into the extracellular space, EVs can bind to the cell surface receptors and can initiate intracellular signaling pathways. EVs can also be internalized through processes such as macropinocytosis, phogocytosis or can fuse with the plasma membrane and release their content in the intracellular space. The cargo consisting of proteins, RNA\'s and lipids are released in the intracellular space or taken up by the ensosomal system of the recipient cell.](thnov10p5979g001){#F1}

![**Schematic classification of common methods of EVs isolation, characterization and quantification.** (Left panel) MSCs can be isolated from various tissues such as umbilical cord, bone marrow, placenta or adipose tissue. MSCs are cultured *in vitro* and the conditioned medium is collected to enrich for EV. Middle panel depicts different strategies for EV isolation and different EV properties used as a base for the isolation protocols are indicated in colours. Right panel illustrates strategies such as electron microspopy, nanoparticle tracking (NTA), dynamic light scattering (DLS), flow cytometry or western blot, which are typically used for EV quantification or characterization.](thnov10p5979g002){#F2}

![**Schematic representation of the components of MSC-derived EVs.** The molecules present in MSC-EVs can be categorized into sixteen groups based on their molecular and cellular function. These are: -transcription factors, -extracellular matrix proteins, -chemokines, cytokines, -enzymes, -growth factors, RNA binding molecules, -miRNAs, -molecules involved in angionenesis, -cell adhesion, -development, -degradation, -protein folding, -immunomodulation, -regulation of apoptosis and survival, and -adipogenesis. In green are depicted MSC hallmark proteins. In red are depicted molecules, which role in the therapeutic effect of MSC-EVs was proven by knocking them down/out in MSCs. In blue are depicted molecules, which role in the therapeutic effect of MSC-EVs was proven by overexpressing them in MSCs. In violet are depicted molecules, which normally are not present in MSC-EVs, but upon overexpression they induce the therapeutic effect of MSC-EVs.](thnov10p5979g003){#F3}

###### 

Summary of *in vivo* studies using MSC-derived EVs (2017-2019)

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  \                                                                            Disease model                             MSC origin   MSC source                                                         EV isolation method                              Controls used                                                              Determination of EV size and concentration                                                                    Doses of EVs used                                                                                                Injections                                                                                       EV fate tracing                                                                              Disease status at time of first EV treatment             Effect                                                Ref
  \                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
  ---------------------------------------------------------------------------- ----------------------------------------- ------------ ------------------------------------------------------------------ ------------------------------------------------ -------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------- -------------------------------------------------------- ----------------------------------------------------- ---------
  **Autoimmune disorders**                                                     Sjögren\'s Syndrome\                      Human        iPSC and BM                                                        UC\                                              PBS\                                                                       NTA                                                                                                           30ug (No cell equivalent given)                                                                                  IV, 2x, 1 week interval                                                                          No                                                                                           Early stage\                                             \+                                                    [@B50]
                                                                               (Mouse)                                                                                                                   100k g                                           iPSC-MSC\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               of disease                                                                                                     
                                                                                                                                                                                                                                                          BM-MSC                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  Type 1 Diabetes\                                                             Human                                     BM           Chromatography on an anion\                                        MSC\                                             Bradford, NTA and flow cytometry                                           15 x 10\^9 or 30ug or 3ug (No cell equivalent given)                                                          IV, 2x, 4 day interval                                                                                           No                                                                                               Preventive treatment                                                                         \+                                                       [@B158]                                               
  (Mouse)                                                                                                                             exchange column                                                    Vehicle                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  Uveoretinitis\                                                               Human                                     BM           Chromatography on an anion\                                        PBS\                                             Bradford, NTA and flow cytometry                                           15 x 10\^9 or 30 ug (No cell equivalent given)                                                                IV, 1x                                                                                                           No                                                                                               Preventive treatment                                                                         \+                                                       [@B158]                                               
  (EAU)\                                                                                                                              exchange column                                                    MSC                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
  (Mouse)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

  Delayed-T hypersensitivity (DTH) (Mouse)                                     Mouse                                     BM           MP 18k g\                                                          PBS\                                             Bradford, NTA and flow cytometry                                           250 ng EVs and MP\                                                                                            IV, 1x                                                                                                           No                                                                                               Preventive treatment                                                                         EVs and MP as efficient in preventing DTH                [@B140]                                               
                                                                                                                                      EVs 100k g                                                         MSC                                                                                                                         (produced by 2.5x10\^5 MSCs in 48 h)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

  Collagen Induced Arthritis (CIA) (Mouse)                                     Mouse                                     BM           UC\                                                                PBS                                              Bradford, NTA and flow cytometry                                           3-fold or 2-fold less EVs or MPs, respectively, than the quantity produced by 1 x 10\^6 MSCs in 48 h.         IV, 2x, 6 days interval                                                                                          No                                                                                               Preventive treatment                                                                         EVs more efficient than MP in preventing CIA             [@B140]                                               
                                                                                                                                      MP 18k g\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
                                                                                                                                      EVs 100k g                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  Multiple sclerosos (MS)\                                                     Human                                     BM           UC\                                                                PBS                                              Bradford, NTA and spectrophotometer                                        1.0 x 10\^6 MSCs or 150 µg EVs                                                                                IV, 2x                                                                                                           DiR EVs in healthy and disease mice 3h and 24h after injection.                                  Established disease                                                                          \+                                                       [@B161]                                               
  (Mouse)                                                                                                                             MP 16,5k g\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
                                                                                                                                      EVs 120k g                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  **Bone disorders**                                                           Osteogenesis imperfecta (Mouse)           Mouse        BM                                                                 UC\                                              PBS\                                                                       Bradford, NTA and flow cytometry                                                                              8.88 x10\^8 particles/ mL (Equivalent of\                                                                        IV, 4x, 1 week interval                                                                          No                                                                                           Established disease                                      \+                                                    [@B147]
                                                                                                                                                                                                         110k g                                           *Ex vivo* controls: CM; EDCM; CM treated with ProtK                                                                                                                                      1.09 x 10\^6 MSC)                                                                                                                                                                                                                                                                                                                                                                                                             

  **Brain disorder**                                                           Traumatic brain injury (TBI) (Swine)      Human        BM                                                                 UC\                                              Vehicle                                                                    qNano                                                                                                         10\^13 particles/ 4ml bolus (No cell equivalent given)                                                           IV, 5x, Different intervals between injections                                                   No                                                                                           Injection straight after injury (6h)                     \+                                                    [@B148]
                                                                                                                                                                                                         110k g                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

  Alzheimer\'s disease (Mouse)                                                 Mouse                                     BM           PEG                                                                PBS                                              Micro Bicinchoninic Acid assay                                             100ug (No cell equivalent given)                                                                              ICV, 7x, 2 day interval                                                                                          No                                                                                               Established disease                                                                          \+                                                       [@B149]                                               

  Hypoxic ischemic (HI) induced neonatal brain insult (Rice- Vannucci model)   Human                                     BM           UC\                                                                PBS                                              NTA and flow cytometry                                                     6 µL of EVs (1.25 x 10\^9 particles/dose) (No cell equivalent given)                                          1x, Intranasal                                                                                                   No                                                                                               Direct after injury                                                                          \+                                                       [@B49]                                                
                                                                                                                                      100k g                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

  Perinatal brain injury (Rat)                                                 Human                                     WJ           UC\                                                                PBS                                              Electron microscopy, flow cytometry and Bicinchoninic acid protein assay   50 mg/kg (No cell equivalent given)                                                                           1x, Intranasal                                                                                                   PKH26\                                                                                           Direct after injury                                                                          \+                                                       [@B162]                                               
                                                                                                                                      100k g                                                                                                                                                                                                                                                                                                                                                                                                                        (*in vitro*)                                                                                                                                                                                                                                                                                                 

  Hypoxic ischemic encephalopathy\                                             Human                                     BM           PEG                                                                0.9% sodium chloride                             NTA and Tunable Resistive Pulse Sensing (TRPS)                             Equivalent of 2x 10\^7 MSC                                                                                    2x at 1h and 4 days after injury through umbilical vessel catherer.                                              No                                                                                               Early stages of injury                                                                       \+                                                       [@B163]                                               
  (HIE)\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  (fetal sheep)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

  **OA and cartilage repair**                                                  Collagenase induced OA (CIOA)\            Human        iPSC and SV                                                        Ultrafiltration                                  PBS                                                                        NTA, Tunable Resistive Pulse Sensing (TRPS) and TEM                                                           8 µl EVs (1.0 x 10\^10/ml) (No cell equivalent given)                                                            IA injection on day 7,14, and 21.                                                                No                                                                                           Treatment 7,14 and 21 days after collagenase injection   \+                                                    [@B38]
                                                                               (Mouse)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

  Surgery\                                                                     Human                                     SV           UC and sucrose/D~2~O cushion\                                      PBS\                                             DLS and TEM                                                                100 μL; 1 x 10\^11 EVs particles/mL (No cell equivalent given)                                                IA, 3x                                                                                                           DiO\                                                                                             Directly\                                                                                    \+                                                       [@B92]                                                
  induced OA\                                                                                                                         100k g                                                             WT EVs\                                                                                                                                                                                                                                                                                                                                                    (*in vitro*)                                                                                     after injury                                                                                                                                                                                                
  (Rat)                                                                                                                                                                                                  Mir140overexpression EVs                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

  Collagenase induced OA (CIOA)\                                               Human                                     BM           UC 64k g and sucrose gradient UC at 100k g                         PBS                                              NTA, TEM, flow cytometry, western blots                                    15 µl of 500 µg/ml (No cell equivalent given)                                                                 3x, No injection information                                                                                     No                                                                                               Treatment day 7 after collagenase injection                                                  \+                                                       [@B93]                                                
  (Mouse)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

  Osteochondral defect\                                                        Human                                     ESC          Ultrafiltration                                                    PBS                                              Electrom microscopy and NanoOrange Protein Quantification                  100ug\                                                                                                        IA, 4x, 1 week interval                                                                                          Alexa488\                                                                                        Directly\                                                                                    \+                                                       [@B150]                                               
  (Rat)                                                                                                                                                                                                                                                                                                                              (No cell equivalent given)                                                                                                                                                                                                     (*in vitro*)                                                                                     after injury                                                                                                                                                                                                

  Collagenase-induced OA (CIOA)\                                               Mouse                                     BM           MP 20k g\                                                          PBS\                                             Bradford, NTA and flow cytometry                                           500 ng MP; 250ng EVs (Equivalent of 48 h production by 2.5 × 10\^5 BM-MSC)                                    IA, 1x                                                                                                           No                                                                                               Treatment day 7 after collagenase injection                                                  \+                                                       [@B57]                                                
  (Mouse)                                                                                                                             EVs 100k g                                                         MSC                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

  Antigen-\                                                                    Porcine                                   BM           Ultrafiltration                                                    PBS                                              Bradford, NTA and flow cytometry                                           500ug/injection\                                                                                              IA, 1x                                                                                                           No                                                                                               Established disease                                                                          \+                                                       [@B151]                                               
  Induced Synovitis\                                                                                                                                                                                                                                                                                                                 (No cell equivalent given)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  (Swine)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

  **GVHD**                                                                     Acute GVHD\                               Human        BM                                                                 Precipitation\                                   PBS                                                                        Bradford and qNano                                                                                            Approximately 1.6 × 10\^7 particles containing 16 μg protein (EVs from 2 × 10\^6 human BM-MSC/ kg body weight)   IV, 1x                                                                                           No                                                                                           Established disease                                      \+                                                    [@B152]
                                                                               (Mouse)                                                                                                                   (Invitrogen kit)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

  **Cardiac conditions**                                                       Myocardial infarction\                    Mouse        BM                                                                 UC\                                              PBS\                                                                       Bradford and flow cytometry                                                                                   EVs (1 μl/g body weight; 0.5 μg/μl; 4.5×10\^4 EVs\                                                               Injection into the pericardial sac, 1x                                                           PKH26\                                                                                       Preventive treatment                                     \+                                                    [@B80]
                                                                               (Mouse)                                                                                                                   100k g                                           miRNA21 KO EVs                                                                                                                                                                           per ug of protein (No cell equivalent given)                                                                                                                                                                      (*in vitro*)                                                                                                                                                                                                

  I/R injury\                                                                  Rat                                       BM           Precipitation\                                                     Vehicle                                          BCA, TEM and qNano                                                         5 ug (No cell equivalent given)                                                                               Injection directly into injury region, 1x                                                                        PKH 26\                                                                                          Preventive treatment                                                                         \+                                                       [@B159]                                               
  (Rat)                                                                                                                               (Invitrogen kit)                                                                                                                                                                                                                                                                                                                                                                                                              (*in vitro*)                                                                                                                                                                                                                                                                                                 

  **Kidney injury**                                                            Glycerol induced\                         Human        BM                                                                 UC\                                              Vehicle                                                                    NTA, flow cytometry and TEM                                                                                   16.5 x 10\^7 particles per mouse (No cell equivalent given)                                                      IV, 1x                                                                                           No                                                                                           3 days after injury induction                            EVs but not MVs induce renal regeneration             [@B141]
                                                                               AKI\                                                                                                                      EVs 100k g MVs 10k g                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
                                                                               (Mouse)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

  Kidney/cisplatin (Rat)                                                       Human                                     CB           UC and sucrose/ D~2~O cushion\                                     PBS\                                             NTA and TEM                                                                200 ug (No cell equivalent given)                                                                             Renal capsule injection, 1x                                                                                      No                                                                                               Preventive treatment                                                                         \+                                                       [@B132]                                               
                                                                                                                                      100k g                                                             EVs from fibroblasts                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

  High fat\                                                                    Porcine                                   AD           UC\                                                                EVs from IL-10 KD cells                          NTA and TEM                                                                1 x 10\^10 EVs (No cell equivalent given)                                                                     Intrarenal injection, 1x                                                                                         PKH26\                                                                                           Injection 6 weeks after induction\                                                           \+                                                       [@B79]                                                
  and high carbohydrate diet induced kidney inflammation\                                                                             100k g                                                                                                                                                                                                                                                                                                                                                                                                                        EVs in injured kidney at 2 days; also in liver, lung spleen. Little in hart and healthy kidney   of the injury                                                                                                                                                                                               
  (Swine)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

  Diabetic nephropathy (Mouse)                                                 Human                                     BM           UC\                                                                EVs from fibroblasts                             NTA                                                                        1 x 10\^10 particles (No cell equivalent given)                                                               IV, 5x, 1 week interval                                                                                          No                                                                                               Established disease                                                                          \+                                                       [@B48]                                                
                                                                                                                                      100k G                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

  **Skeletal muscle injury**                                                   Cardiotoxin-induced muscle injury\        Human        AD                                                                 UC\                                              PBS; EVs from MSC cultured under normoxia and hypoxia conditions           Bradford, flow cytometry and TEM                                                                              1ug (No cell equivalent given)                                                                                   Injected into\                                                                                   PKH67\                                                                                       Injection\                                               \+                                                    [@B155]
                                                                               (Mouse)                                                                                                                   100k g                                                                                                                                                                                                                                                                                                                                                     the right and left TA muscles, 2x, 4 day interval                                                (*in vitro*)                                                                                 after injury                                                                                                   

  Cardiotoxin-induced muscle injury (Mouse)                                    Human                                     AD           UC\                                                                PBS; whole secretome                             TEM and NTA                                                                100 µL EVs (Equivalent of 1x10\^6 MSC)                                                                        1x IV injection through tail vein                                                                                PKH67\                                                                                           Preventive treatment                                                                         \+                                                       [@B164]                                               
                                                                                                                                      200k g                                                                                                                                                                                                                                                                                                                                                                                                                        (*in vitro*)                                                                                                                                                                                                                                                                                                 

  **Sepsis**                                                                   Sepsis syndrome\                          Rat          AD                                                                 ?                                                EVs from apoptotic and healthy MSC                                         TEM and western blots                                                                                         100ug (No cell equivalent given)                                                                                 1x IV                                                                                            No                                                                                           Injection 3h\                                            \+                                                    [@B143]
                                                                               (Rat)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              after CLP                                                                                                      

  **Liver conditions**                                                         Liver injury\                             Mouse        AD                                                                 ExoQuick                                         PBS                                                                        Bradford and TEM                                                                                              40ug (No cell equivalent given)                                                                                  Intrasplenic injection\                                                                          cyc3-labelled pre-miRNA-transfected ADSC\                                                    Preventive treatment                                     EVs overexpresing miR-181-5p alleviate liver injury   [@B99]
                                                                               (Mouse)                                                                                                                                                                                                                                                                                                                                                                                                                                                                              16x, 3 days interval                                                                             (*in vitro*)                                                                                                                                                                                                

  Cl4-induced\                                                                 Human                                     CB           UC and sucrose/D~2~O cushion\                                      PBS                                              NTA, flow cytometry and TEM                                                6 × 10\^10 particles/kg, 1.2 × 10\^11 particles/kg and 2.4 × 10\^11 particles/kg (No cell equivalent given)   IV, 1x                                                                                                           CM-DiR\                                                                                          Injection\                                                                                   \+                                                       [@B144]                                               
  liver injury\                                                                                                                       100k g                                                                                                                                                                                                                                                                                                                                                                                                                        EV in liver- (for a tumor model)                                                                 after injury                                                                                                                                                                                                
  (Mouse)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

  TAA-induced\                                                                 Human                                     ESC          UC\                                                                PBS\                                             DLS, flow cytometry, western blot and SEM                                  350ug; (No cell equivalent given)                                                                             Intrasplenicly                                                                                                   PKH-26\                                                                                          Established injury                                                                           \+                                                       [@B165]                                               
  liver cirrhosis\                                                                                                                    100k g                                                             MSC                                                                                                                                                                                                                                                                                                                                                        EVs in liver and in spleen                                                                                                                                                                                                                                                                                   
  (Rat)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

  Induced lethal hepatic failure\                                              Human\                                    BM           UC\                                                                PBS\                                             NTA and TEM                                                                2 x 10\^8 - 2 x 10\^10\                                                                                       IP and IV                                                                                                        DiR\                                                                                             Injection\                                                                                   \+                                                       [@B128]                                               
  (D-galactosamine/ TNF-alpha) (Mouse)                                         and Mouse                                              100k g                                                             hMSC mMSC                                                                                                                   particles per body (No cell equivalent given)                                                                                                                                                                                  EVs in healthy and injured liver\                                                                after injury                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    6 h after injection                                                                                                                                                                                                                                                                                          

  Hepatic I/R injury (Mouse)                                                   Mouse                                     BM           UC                                                                 PBS                                              NTA                                                                        2x10\^10 particles (No cell equivalent given)                                                                 IP, IV, SC, orally (per os)                                                                                      DiR EV distribution tested 6 h\                                                                  Preventive treatment                                                                         \+                                                       [@B47]                                                
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    after injection                                                                                                                                                                                                                                                                                              

  CCl4-induced\                                                                Human                                     CB           UC and sucrose/D~2~O cushion\                                      PBS\                                             Bradford, NTA, flow cytometry and TEM                                      8, 16 or 32 mg/kg\                                                                                            IV and oral                                                                                                      CM-Dir\                                                                                          24h after injury                                                                             \+                                                       [@B130]                                               
  liver failure\                                                                                                                      100k g                                                             EVs from fibroblasts                                                                                                        per body weight (No cell equivalent given)                                                                                                                                                                                     EVs in injured\                                                                                                                                                                                                                                                                                              
  (Mouse)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           and normal\                                                                                                                                                                                                                                                                                                  
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    livers at 24 h\                                                                                                                                                                                                                                                                                              
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    post injection                                                                                                                                                                                                                                                                                               

  CCl4-induced\                                                                Human                                     CB           UC and sucrose/D~2~O cushion\                                      PBS                                              NTA, flow cytometry and TEM                                                6x10\^10, 1.2x10\^11\                                                                                         IV or oral                                                                                                       CM-Dir                                                                                           24h after injury                                                                             \+                                                       [@B166]                                               
  liver failure\                                                                                                                      100k g                                                                                                                                                                                         or 2.4x10\^11 particles/kg (No cell equivalent given)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  (Mouse)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

  **Lung injury**\                                                             SwIV induced lung injury\                 Swine        BM                                                                 UC\                                              DMEM                                                                       Micro-bicinchoninic acid protein assay, flow cytometry and TEM                                                80 μg/kg body weight.\                                                                                           Intratracheally, 1x                                                                              PKH26\                                                                                       12 h after SwIV infection                                \+                                                    [@B167]
                                                                               (Swine)                                                                                                                   (25k rpm)                                                                                                                                                                                                                                 (EVs produced by 10 × 10\^6 MSCs in 48 h)                                                                                                                                                                         (*In vitro*)                                                                                                                                                                                                

  Acute liver injury (ALI)\                                                    Human                                     Placenta     UC\                                                                PBS, AIEgens (no EVs)                            TEM, flow cytometry and NTA                                                100 µg EVs (No cell equivalent given)                                                                         Tail vein, 1x                                                                                                    AIEgens (DPA-SCP)                                                                                End-stage liver disease                                                                      \+                                                       [@B168]                                               
  (Mouse)                                                                                                                             130k g                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

  Lung\                                                                        Human                                     CB           UC\                                                                MSC                                              Bradford, flow cytometry, NanoDrop UV spectrophotometer and NTA            Equivalent of 1x10\^6 MSC                                                                                     Intratracheally, 1x                                                                                              No                                                                                               Preventive treatment                                                                         +.                                                       [@B59]                                                
  ischemia-reperfusion injury\                                                                                                        100k g                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
  (Mouse)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

  Neonatal\                                                                    Human                                     CB           UC\                                                                PBS\                                             Bradford TEM and SEM                                                       20ug (No cell equivalent given)                                                                               Intratracheally, 1x                                                                                              PKH67; EVs 24h after injection\                                                                  Established injury                                                                           \+                                                       [@B126]                                               
  hyperoxic\                                                                                                                          100k g                                                             MSC\                                                                                                                                                                                                                                                                                                                                                       In the lung and\                                                                                                                                                                                                                                                                                             
  lung injury (Rat)                                                                                                                                                                                      EVs from fibroblasts                                                                                                                                                                                                                                                                                                                                       alveolar MQ                                                                                                                                                                                                                                                                                                  

  Hyperoxia-induced Bronchopulmonary Dysplasia\                                Human                                     WJ; BM       DC;TFF; OptiPrep™ cushion                                          EVs from\                                        NTA and TEM                                                                Equivalent of 0.5 x 10\^6 MSC in 36 h                                                                         IV, 1x                                                                                                           DiL\                                                                                             Injection 4 days after start of hyperoxia conditions                                         \+                                                       [@B134]                                               
  (Mouse)                                                                                                                                                                                                WJ, BM MSC and fibroblasts                                                                                                                                                                                                                                                                                                                                 (*In vitro*)                                                                                                                                                                                                                                                                                                 

  **Spinal cord injury**                                                       Spinal cord injury (Rat)                  Rat          BM                                                                 UC\                                              PBS\                                                                       Bradford, NTA and TEM                                                                                         100 μg protein 2.5 ×10\^9 EVs (No cell equivalent given)                                                         Injection directly\                                                                              DiR EVs in spinal cord resident MQ2 3h and 24h after infusion; very rarely in intact spine   Established injury                                       Study only to show localization of the EVs            [@B134]
                                                                                                                                                                                                         100k g                                           PBS with DiR                                                                                                                                                                                                                                                                                              in spinal cord or IV                                                                                                                                                                                                                                                                                         

  Spinal Cord Contusion (Rat)                                                  Human                                     BM           TFF system equipped with a Biomax 500 kDa (5 μm) Pellicon filter   PBS, EVs, EVs from TNF-alpha/INF-γ treated MSC   NTA and flow cytometry                                                     1x1ml of 1×10\^9 EV/ml (No cell equivalent given)                                                             IV, 1x                                                                                                           No                                                                                               3 hours\                                                                                     \+                                                       [@B154]                                               
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     after injury                                                                                                                                                                                                

  Spinal cord injury (Mouse)                                                   Human                                     CB           UC\                                                                PBS                                              DLA, TEM and western blot                                                  20ug and 200 ug (No cell equivalent given)                                                                    IV, 1x                                                                                                           No                                                                                               30 min\                                                                                      \+                                                       [@B145]                                               
                                                                                                                                      120k g                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         after injury                                                                                                                                                                                                

  Spinal cord injury (Rat)                                                     Rat                                       BM           UC\                                                                PBS, EV-free CM                                  TEM and western blot                                                       200 µL of EVs derived from 1 x 10\^6 MSCs                                                                     Tail vein                                                                                                        PKH26                                                                                            30 min after injury                                                                          \+                                                       [@B169]                                               
                                                                                                                                      110k g                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

  **Tissue radiation**                                                         Hematopoietic acute radiation syndrome\   Human        BM                                                                 UC and sucrose/D~2~O cushion\                    PBS, DiD dye alone, fibroblast-derived EVs                                 NTA, TEM, flow cytometry, western blot                                                                        2x 10\^8, 2x 10\^9, 2x 10\^10 one dose or 2x 10\^9 three doses. (No cell equivalent given)                       Tail vein                                                                                        DiD                                                                                          24 h after radiation                                     \+                                                    [@B170]
                                                                               (Mouse)                                                                                                                   100k g                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

AD- adipose tissue; AKI- acute kidney injury; BM- bone marrow; CB- cord blood; CIA- collagen induced arthritis; CM- conditioned medium; DC- differential centrifugation; DLS- Dymanic light scattering; EDCM- EV depleted conditioned medium; ESC- embryonic stem cells; ICV- intracerebroventricular; iPSC- induced pluripotent stem cells; IP- intraperitoneal; IV- intravenous; MP- microparticles; NTA: Nanoparticle Tracking analysis; OA- osteoarthritis; SV- synovium; TBI- traumatic brain injury; TEM- Transmission Electron Microscopy; TFF- tangential flow filtration; UC- ultracentrifugation; WJ- Wharton jelly

###### 

Strategies for EV labeling

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Imaging technique                    Labeling strategy                                                Labeling methods                                                      Advantages                                                                          Disadvantages                                                                                                                                                                                                                               Stability of the dye                          Ref
  ------------------------------------ ---------------------------------------------------------------- --------------------------------------------------------------------- ----------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------- -------------------------
  Fluorescent (confocal microscopy)    Direct                                                           DiR, DiD, PKH26, PKH67,\                                              Fast and simple and inexpensive protocol.                                           Nonspecific EV labeling because the dye releases from the EV. The half-life of the dye may be longer than the EV stability. High background to signal ratio. Dyes may affect the composition of EV membrane bilayer and EV functionality.   DiR: up to 4 weeks\                           [@B171], [@B172]
                                                                                                        (membrane bound)                                                                                                                                                                                                                                                                                                                                                                                      DiD: up to 24h\                               
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              PKH26: up to 84 days\                         
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              PKH67: up to 7 days:\                         
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              R18: up to 12 days                            

  CFDA-SE\                             Can be used to discriminate between intact EVs and cell debris   Fluorescent dye can leak out of the cell/EV                           CFDA-SE: robust stability, detectable up to 8 cell divisions\                       [@B115]-[@B117]                                                                                                                                                                                                                                                                           
  Calcein AM\                                                                                                                                                                 Calcein AM: up to 36 hours                                                                                                                                                                                                                                                                                                                                                    
  (membrane permeable)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

  Indirect                             GFP, pH sensitive GFP, RFP, dTomato\                             Cell type specific                                                    Requires genetic modification\                                                      Expression is stable                                                                                                                                                                                                                        [@B173]-[@B175]                               
                                       (Fusions with Palm, CD63 etc.)                                                                                                         and is time intensive.                                                                                                                                                                                                                                                                                                                                                        

  Cre-recombinase based system         Accurate analysis of the physiological EV uptake.                Time consuming and requires genetic modification. Not quantitative.   Stable reporter gene.                                                               [@B118]-[@B122], [@B176]                                                                                                                                                                                                                                                                  

  Bioluminescence\                     Indirect                                                         Gluc, GlucB, Rluc                                                     Highly sensitive                                                                    Requires genetic modification\                                                                                                                                                                                                              Stable reporter.                              [@B177]-[@B179]
  (light microscopy with CCD camera)                                                                                                                                                                                                                              and is time intensive. The substrates\                                                                                                                                                                                                                                                    
                                                                                                                                                                                                                                                                  (e.g. coelenterazine) can be toxic.                                                                                                                                                                                                                                                       

  Nuclear imaging (SPECT, PET)         Direct                                                           111 In-oxine,\                                                        Stable and highly quantitative. High tissue penetration depth. Used in the clinic   Requires knowledge with radioactivity-based detection.\                                                                                                                                                                                     HMPAO: half-life 37 min\                      [@B177],[@B180]-[@B182]
                                                                                                        99mTc- HMPAO, 99mTc-tricarbonyl,\                                                                                                                         EVs are lost during labeling.                                                                                                                                                                                                               111 In-oxine: half-life 67 hours.\            
                                                                                                        125I-biotin derivatives                                                                                                                                                                                                                                                                                                                                                                               99mTc-tricarbonyl: half-life 6 hours.\        
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              125I-biotin derivatives: half-life 2.7 min.   

  Magnetic resonance                   Direct                                                           USPIO                                                                 Labeling does not affect the size and biodistribution of EVs.                       The sensitivity of USPIOs is low therefore large amounts of EVs is needed.                                                                                                                                                                  Half-life: 24 h.                              [@B183]
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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